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Outline	

•  Introduc-on	  to	  Neutrino	  oscilla-ons	  
•  Introduc-on	  to	  T2K	  
•  νe	  appearance	  result	  with	  Run	  1-‐4	  data	  
•  νμ	  disappearance	  result	  with	  Run	  1-‐3	  data	  
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Neutrino	  flavors	  and	  mixing	  	  
and	  neutrino	  oscilla-on	  
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	   Solar	  ν,	  

Reactor	  ν	

Atmospheric	  ν,	  
Accelerator	  ν	  experiments	  
(K2K,	  MINOS,	  T2K..)	  

Reactor	  ν, 
Accelerator	  ν,	  
Atm.	  ν	


θ23	  =	  45o	  ±	  6o	  	  
Δm2

23	  ~	  2.4x10-‐3(eV2)	
θ12	  =	  33.6o	  ±	  1.0o	  
Δm2

12	  ~	  8x10-‐5(eV2)	
θ13	  =	  9.1o	  ±	  0.6o	

(Maki-‐Nakagawa-‐Sakata-‐Pontecorvo	  Matrix)	

P να →νβ( ) = δαβ − 4 ⋅ Re Uαi
*UβiUα jUβ j

*( )
i> j
∑ ⋅sin2Φij  ± 2 ⋅ Im Uαi

*UβiUα jUβ j
*( )

i> j
∑ ⋅sin2 2Φij

Φij = Δmij
2L / 4E

•  δcp,	  	  mass	  hierarchy	  is	  unknown	  
•  Imaginary	  part	  can	  only	  accessible	  by	  appearance	  channel	  (α≠β)	  
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First	  non-‐zero	  θ13	  is	  
indicated	  by	  T2K,2011.	



T2K	  (Tokai	  to	  Kamioka)	  Long-‐Baseline	  Neutrino	  
Oscilla-on	  Experiment	  

295km	  

First	  Long	  baseline	  experiment	  with	  Intensive	  off-‐axis	  νµ	  beam	

•  Discovery	  of	  νµ	  à	  νe	  appearance	

Physics	  Goals:	

•  Precise	  measurement	  of	  νµ	  disappearance	

750kW(design)	

JPARC	

Super-‐Kamiokande	

δ(Δm2
23)~1x10-‐4	  eV2	  ,	  δ(sin2	  2θ23)~0.01	  

Near	  Neutrino	  	  
Detectors	  at	  JPARC	  

59	  Ins-tute,	  ~500	  physicists.	
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30	  GeV	  Synchrotron	



•  Fine-‐Grained	  Detectors	  (FGDs)	  
	  	  	  	  	  	  	  	  	  	  Scin-llator	  strips,	  1.6t	  fiducial	  target,	  Detailed	  vertex	  info.	  
•  Time	  Projec-on	  Chamber	  (TPCs)	  
	  	  	  	  	  	  	  	  	  	  	  	  Gas	  ioniza-on,	  Momentum	  by	  curvature,	  PID	  by	  dE/dx	  	

•  Quasi-‐Monochroma-c	  (peaked	  at	  
600MeV)	  

•  Main	  interac-on	  is	  Charged	  Current	  
Quasi-‐Elas-c	  (CCQE,	  ν+n	  à	  l-‐	  +	  p)	  

p	  

2.5°	  

Neutrino	  	  
Detectors	  

Far	  Detector	  
	  (SK)	  

0m 280m 
295km 

Flux & spectrum measurement at Near 
Neutrino detectors à Constraint on Model 

NνSK(obs), EνSK (obs) 

 
Comparison νµ	

Carbon	  Target	  &	  
Focusing	  Horns	 µ	  monitor	

118m	

π	

Expectation 
extrapola-on	

30GeV	  
protons	  
from	  

J-‐PARC	  MR	

T2K$ν$beam�
•  Pseudo1monochroma:cŊ

neutrino$beam$

Oct$21,$2012� Đė�

OA3°$

OA0°$
OA2°$OA2.5°$

Oscilla:on$Probability$
@$L=295km$
Δm2=2.5×10-3,!
         3.0×10-3[eV2]!

Off Axis = 2.5° is selected. 
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•  ĻŌŤźƋŦƎŇōCharged$

Current$(CC)$Quasi1elas:c$$(Q.E.)$

scaxeringĶ�9tƘ$

 νµ$(νe )$+$n$!$µ(e)$+$p�

PØD	 Tracker	

SMRD	  (magnet	  york)	

ECAL	

ν	

0.2T	  magnet	  field	

TPC	FGD	

Off-‐axis	  ν	  detector	  (ND280)	Off-‐axis	  ν	  beam	

event	  display	
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T2K	  Far	  detector:	  Super-‐Kamiokande	  IV	  

•  Ring-‐imaging	  Water	  Cherenkov	  Detector,	  
located	  at	  1000m	  underground,	  Kamioka-‐
Mine,	  Gifu-‐pref.	  Japan	  

•  22.5kton	  Fiducial	  Volume.	  
•  SK-‐I	  had	  started	  1996,	  over	  10yr	  opera-on.	  	  
•  SK-‐IV	  with	  dead-me-‐less	  DAQ	  :	  2008~	  

39.3m 

41.4m 
Inner	  	  
Detector	  
(ID)	  

Outer	  
Detector	  
(OD)	   • 	  4π acceptance,	  	  

very	  efficient	  π0/e	  
separa-on.	  
• 	  High	  Par-cle	  ID	  (µ/
e)	  power	  (~99%	  at	  
600MeV/c)	  
• 	  Good	  energy	  
reconstruc-on.	  

PID likelihood sub-GeV 1ring (FC)
-10 -8 -6 -4 -2 0 2 4 6 8 100

50
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Super Kamiokande IV 1417.4 days : Monitoring

e-like 3191 muon-like 3110

CCQE electron

Super Kamiokande IV 1417.4 days : Monitoring

CCQE muon

Par-cle	  Iden-fier	

Event	  Display	
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T2K	  Data	  Taking	  

Run 1	
 Run 2	


Run 3	


1.2 x 1014 protons!
per pulse (world record)!

Run 4	


analyzed so far

 energy (MeV)iReconstructed 
0 1000 2000 3000

N
um

be
r o

f e
ve

nt
s/(

25
0M

eV
)

0

2

4

6
RUN1-3 data

 POT)2010×(3.010 
 CCeiOsc. 

 CCµi+µiBkg. 
 CCei+eiBkg. 

Bkg. NC
=0.1)13e22(MC w/ sin

11	  events	  over	  
3.3±0.4(sys.)	  bkgs	

•  JPARC	  has	  been	  stably	  running.	  
•  Beam	  power	  reached	  at	  235kW.	  

•  Very	  stable	  opera-on	  of	  neutrino	  detectors.	  
•  Previous	  appearance	  result	  (2013)	  is	  based	  on	  

3.01×1020	  POT.	  à	  6.39×1020	  POT	 8	

Neutrino2012	



T2K	  Analysis	  Strategy	

ν	  Flux	  Predic-on	
•  Based	  on	  Hadron	  int.	  model	  with	  

NA61/SHINE	  measurements	  
•  T2K	  beamline	  measurement	

ν	  Interac-on	  Model	
•  NEUT	  as	  a	  baseline	  
•  Uncertain-es	  are	  es-mated	  	  

from	  external	  data	  

Predic-on	  at	  T2K	  far	  Detector	  
Tuned	  by	  ND280	  Measurements	  	  

ND280	  	  
Measurement	  

Constraint	  on	  
Model	  Parameters	  

Observa-on	  	  at	  Super-‐Kamiokande	  	  

Comparison	  &	  	  
extract	  ν	  osc.	  parameters	  	

•  νµCC	  enhanced	  
samples	  are	  u-lized	  
to	  constraint	  model	  
parameters.	  

•  Intrinsic	  νe	  and	  NC	  
π0	  measurements	  as	  
cross-‐check	  	
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Constrained	  ν	  Flux	  at	  Far	  Detector	  
and	  ν	  Cross	  Sec-on	  Parameters	

Parameter	   Prior	  to	  
ND280	  

Constraint	  

A8er	  ND	  280	  
Constraint	  

A8er	  ND280	  	  
	  Constraint	  
(2012)	  

MA
QE	  (GeV)	   1.21	  ±	  0.45	   1.22	  ±	  0.07	   1.27±	  0.19	  

MA
RES	  (GeV)	   1.41	  ±	  0.22	   0.96	  ±	  0.06	   1.22±	  0.13	  

CCQE	  norm.	   1.00	  ±	  0.11	   0.96	  ±	  0.08	   0.95±	  0.09	  

CC1π	  norm.	   1.15	  ±	  0.32	   1.22	  ±	  0.16	   1.37±	  0.20	  

•  Uncertainty	  of	  the	  ν	  flux	  &	  
cross	  sec-ons	  reduces	  by	  
u-lizing	  ND280	  T2K	  
neutrino	  data.	  

•  Improvement	  from	  2012	  
analysis	  is	  achieved.	
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νe	  appearance	  analysis	
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T2K	  νe	  event	  selec-on	  at	  Far	  Detector	

•  Beam	  on-‐-ming	  &	  Fully-‐contained	  
(FC)	  in	  ID	  	  

•  Vertex	  in	  the	  fiducial	  volume	  
•  One	  Cherenkov	  ring	  
•  Par-cle	  is	  iden-fied	  as	  electron	  
•  Visible	  energy	  >	  100MeV	  
•  No	  delayed	  electron	  signal	  

ü  rejects	  events	  with	  invisible	  µ,	  π	

•  Reconstructed	  ν	  energy	  <	  1.25GeV	  

ü  rejects	  intrinsic	  beam	  νe	  at	  high	  
energy	  

•  Non-‐π0-‐like	   New	  algorithm	  	

e-‐like	   μ-‐like	  

single	  ring	   mul--‐ring	  

12	

#	  of	  Cherenkov	  rings	 Par-cle	  type	

π0	  rejec-on	 #	  of	  Events	  at	  each	  step	

•  We	  developed	  new	  algorithm	  
of	  π0	  rejec-on,	  and	  reduce	  
background	  events:	  	

6.36	  events	  →	  4.64	  events	  
(for	  this	  dataset)	  

•  Enrich	  νe	  	  CCQE	  	  events:	  	  	  
	  	  	  	  	  νe	  +	  n	  à	  e-‐	  +	  p	



νe	  Appearance	  Analyses	  
Two	  type	  of	  the	  analyses	  are	  carried	  out:	  

1.  Maximum	  likelihood	  fit	  w/	  	  Rate	  +	  (pe	  ,	  θe)	  shape	  
2.  Maximum	  likelihood	  fir	  w/	  	  Rate	  +	  reconstructed	  Eν	


Ana.1	 Ana.2	

4.64	  ±	  0.53	  background	  events	  

5.5σ	  sensi-vity	  to	  exclude	  θ13	  =	  0	  
20.4	  ±	  1.8	  events	  expected	   For	  sin22θ13=0.1,	  sin22θ23=1,	  δCP=0,	  normal	  mass	  hierarchy	  

For	  Run	  1-‐4	  data	  (6.63×1020	  POT）,	

13	



(For	  sin22θ23=1,	  	  δCP=0,	  	  and	  normal	  mass	  hierarchy)	  

T2K	  Preliminary	  	  

Normal	  
Hierarchy	

T2K	  Preliminary	  
Inverted	  
Hierarchy	

Defini-ve	  observa-on	  of	  electron	  neutrino	  appearance	  !	  

•  Observed	  28	  events	  (expected	  20.4	  ±	  1.8	  for	  sin22θ13=0.1)	  
•  Comparing	  the	  best	  p-‐θ	  fit	  likelihood	  to	  null	  hypothesis	  (Analysis	  1)	  gives	  a	  

7.5σ	  significance	  for	  non-‐zero	  θ13	  

νe	  Appearance	  Analyses	  

14	NOTE:	  These	  are	  1D	  contours	  for	  various	  value	  of	  δcp,	  not	  2D	  contours	



Effect	  of	  θ23	  Uncertainty	  

sin2θ23=	  0.4	  
sin2θ23=	  0.5	  
sin2θ23=	  0.6	

sin2θ23=	  0.4	  
sin2θ23=	  0.5	  
sin2θ23=	  0.6	

(By	  Method	  2)	

•  νe	  appearance	  probability	  also	  depends	  on	  the	  value	  of	  θ23	  
　　　　　　　　　　　P(νµàνe)	  ≈	  sin22θ13	  sin2θ23	  sin2(Δm2

31L/4E)	  
•  Future	  improved	  measurements	  of	  θ23	  will	  be	  important	  to	  extract	  

informa-on	  about	  other	  oscilla-on	  parameters	  (including	  δCP)	  in	  long-‐
baseline	  experiments	  

•  A	  T2K	  combined	  νe+νμ	  analysis	  is	  underway	  

15	NOTE:	  These	  are	  1D	  contours	  for	  various	  value	  of	  δcp,	  not	  2D	  contours	



νµ	  disappearance	  analysis	
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Recent	  result	  of	  νµ	  disappearance	  analysis	

P νµ →νµ( ) ~1− cos4θ13 ⋅sin2 2θ23 + sin2 2θ13 ⋅sin2θ23( ) ⋅sin2 Δm31
2 ⋅L
4E

Leading	 Next-‐to-‐leading	  

•  We	  reported	  the	  preliminary	  results	  using	  Run	  1-‐3	  data	  (3.01*1020	  POT)	  
earlier	  this	  year.	  	  

•  Previously	  we	  gave	  allowed	  region	  on	  sin22θ23	  assumed	  θ23	  <	  π/4	  (first	  
octant).	  It	  is	  realized	  that	  results	  depends	  on	  the	  choice	  of	  the	  1st/2nd	  
octant.	  

 / GeVrecoE
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T2K data
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No oscillations
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T2K data

No oscillations

Likelihood ratio best fit

Max likelihood best fit

νµ	  disappearance	  is	  studied	  using	  
normaliza-on	  informa-on	  &	  
spectrum	  shape.	  	

65	  Event	  observed.	  
(200.1	  ±	  27(syst.)	  for	  null	  osc.)	

17	Reconstructed	  Εν (GeV)	



νµ	  disappearance	  analysis	  with	  3.01×1020	  P.O.T.	  data	

)23θ(2sin
0.3 0.4 0.5 0.6 0.7

)2
 (e

V
322

m
Δ

0.002

0.0025

0.003

0.0035

0.004

SK 1+2+3+4

T2K Run 1-3
-appear.+atmeν-disapp.+µνMINOS 

T2K	  Preliminary	  	  
Normal	  
Hierarchy	

•  Octant	  choice	  can	  significantly	  affect	  the	  shape	  of	  the	  90%	  C.L.	  contour	  in	  
(sin22θ23,	  Δm2

32	  )	  plane	  in	  previous	  results.	  
•  We	  construct	  allowed	  region	  on	  (sin2θ23,	  Δm2

32	  )plane.	  
•  Best	  fit	  point	  was	  found	  slightly	  in	  2nd	  octant.	  	  
•  Allowed	  region	  on	  sin2θ23	  is	  consistent	  with	  other	  experiments.	  

sin2(2θ23)	 sin2(θ23)	

T2K	  Preliminary	  	  

18	

MINOS:	  taken	  from	  DPF	  2013	  (Alexander	  Radovic)	



Summary	
•  T2K	  has	  made	  the	  defini-ve	  observa-on	  of	  νe	  appearance	  from	  the	  

νµ	  beam	  
–  Using	  6.39×1020	  Protons-‐On-‐Target	  beam	  data	  (×2.1	  of	  2012	  analysis)	  

obtained	  by	  the	  stable	  beam	  and	  detector	  opera-ons	  	  
–  Analysis	  improvements	  also	  contributed	  :	  	  Improved	  Near	  ν	  Detector	  

analysis,	  Improved	  π0	  background	  rejec-on	  at	  Super-‐K	  Far	  ν	  Detector,	  etc.	  
–  28	  candidate	  events	  over	  4.6±0.5(sys.)	  backgrounds	  
–  θ13=0	  is	  excluded	  at	  7.5σ	  

•  We	  start	  construc-ng	  allowed	  region	  on	  (sin2θ23,	  Δm2
32	  )	  from	  νμ	  

disappearance	  analysis.	

•  We	  had	  reported	  the	  allowed	  region	  of	  the	  (sin2θ23,	  Δm2

32	  )	  plane	  via	  νμ	  
disappearance	  analysis	  in	  early	  this	  year,	  but	  we	  realize	  the	  dependency	  on	  
the	  choice	  of	  the	  1st/2nd	  octant	  of	  sin2θ23.	
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back	  up	  slides	
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Improved π0	  Background	  Rejec-on	
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True	  energy	  of	  the	  less	  energe-c	  γ	  (MeV)	

New	  
Old	  

•  New	  event	  reconstruc-on	  algorithm	  has	  
been	  developed	  based	  on	  likelihood	  with	  
mul--‐parameters	  (event	  vertex,	  direc-on,	  
momentum,	  etc.).	  The	  parameters	  are	  
fi�ed	  simultaneously.	  (cf.	  Previous	  tool	  is	  
search	  the	  parameter	  space	  step-‐by-‐step.)	  

•  New	  algorithm	  has	  more	  sensi-vity	  for	  lower	  
energy	  γ’s.	  

•  Apply	  cut	  in	  2D	  space	  of	  (likelihood	  ra-o	  of	  
electron-‐like/π0	  -‐like)	  vs	  π0	  inv.	  mass.	  

•  Be�er	  rejec-on	  power	  is	  achieved.	  Total	  B.G.	  
reduces:	

due	  to	  missing	  2nd	  
γ	  ring	  	  

Photon	  
Conversions	  π0	  

γ	  

γ	  

6.36	  events	  →	  4.64	  events	  (for	  this	  dataset)	   21	
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Beam	  stability	

Run	  1	 Run	  2	 Run	  3	

•  Stability	  of	  beam	  direc-on/intensity	  is	  monitored	  by	  On-‐axis	  neutrino	  detector	  
(INGRID)	  

•  POT	  normalized	  ν	  event	  rate	  is	  very	  stable	  (<1%)	  
•  Beam	  direc-on	  is	  controlled	  well	  within	  the	  design	  requirement	  of	  1mrad	  (à	  2%	  

shi�	  in	  the	  peak	  energy	  of	  ν	  spectrum)	

Run	  4	

Beam	  Intensity	

Beam	  Direc-on	
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ND280	  constraint	

CCQE	 63.5	  %	
Resonant	 20.2	  %	
DIS	 7.5	  %	
Coherent	 1.4	  %	
Other	 7.4	  %	

CCQE	 5.3	  %	
Resonant	 39.5	  %	
DIS	 31.3	  %	
Coherent	 10.6	  %	
Other	 13.3	  %	

CCQE	 3.9	  %	
Resonant	 14.3	  %	
DIS	 67.8	  %	
Coherent	 1.4	  %	
Other	 12.6	  %	Co

m
po

si-
on
	

CC0π	 CC1π+	 CCother	  

νµCC	  sample	  classifica-on	  :	  	  CC0π,	  CC1π+,	  Ccother	  

•  In	  2012	  analysis,	  2	  categories	  :	  CCQE-‐like	  (1	  track)	  &	  CCnonQE-‐like	  (2	  tracks)	  
•  Much	  be�er	  samples	  for	  constraining	  CCQE	  &	  CC1π	  cross	  sec-on	  parameters	  

Data	  are	  binned	  in	  two	  dimensions	  :	  µ	  momentum	  (p)	  and	  angle	  (cosθ)	  
	

•  Finer	  binning	  than	  2012	  analysis	
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Expected number of signal+background events
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Predicted	  Number	  of	  νe	  Candidate	  
Events	

Category	 sin2	  2θ13	  =	  0	   sin2	  2θ13	  =	  0.1	  
νe	  signal	 0.38	 16.42	
νe	  BG	 3.17	 2.93	
νµ	  BG	 0.89	 0.89	
νµ+νe	  BG	 0.20	 0.19	

Total	 4.64	  ±	  0.52	 20.44	  ±	  1.80	

Predicted	  #	  of	  events	  w/	  6.393×1020	  p.o.t.	

Systema-c	  Uncertain-es	

Predicted	  #	  of	  events	  w/	  sys.	  error	

Uncertainty	  reduced	  much	  by	  
the	  ND	  measurement	

w/o	  ND	  meas.	  
w/	  	  	  ND	  meas.	

Expected number of signal+background events
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 p.o.t.20 10×3.010 

w/o ND280 fit
w/   ND280 fit

sin2	  2θ13	  =	  0	

sin2	  2θ13	  =	  0.1	

Source	 sin2	  2θ13	  =	  0	   =	  0.1	  
Flux	  + ν	  int.	  (ND	  meas.)	 4.9	  %	 3.0	  %	

ν	  int.	  (from	  other	  exp.)	 6.7	  %	 7.5	  %	
Super-‐K	  +FSI+SI+PN	 7.3	  %	 3.5	  %	

Total	 11.1	  %	 8.8	  %	  
Total	  (2012)	 13.0	  %	 9.9	  %	   25	



Selec-on	  of	  T2K	  beam	  neutrino	  event	  	  
at	  Super-‐Kamiokande	

•  Select	  PMT	  signals	  in	  a	  interval	  (1ms)	  at	  expected	  arrival	  -me	  of	  beam	  
neutrinos.	

Observed	  SK	  event	  -ming	  
(rela-ve	  to	  beam	  arrival	  -me)	

Signal timing [ns]
0 2000 4000 6000 8000 10000

C
lu

st
er

s 
/ 1

0 
ns

0

200

400

600

800

1000

1200
Timing distributionTiming distribution

Observed	  ND280	  event	  
-ming	  

(rela-ve	  to	  beam	  -me)	
Accelerator	  issues	  
-me	  stamp	  to	  ND280,	  
and	  to	  Super-‐K	  
delivered	  via	  Network	

Clearly	  micro-‐bunch	  
structure	  observed	  in	  Super-‐
K	  and	  ND280.	  
à	  Timing	  is	  well	  controlled.	
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3.	  Near	  neutrino	  detectors	  
(@280m	  downstream)	

	  On-‐axis	  detector	  (INGRID)	  
-‐  direct	  ν	  beam	  day-‐by-‐day	  monitoring	  
(direc-on,	  intensity	  and	  profile)	  

-‐  16	  cubic	  modules.	  Sandwich	  of	  iron	  
plates	  and	  scin-llator	  planes	  

10m	
10m	

INGRID	

ND280	

On-‐axis	

Off-‐axis	

ν	

PØD	FGD+TPC	

SMRD	  (magnet	  york)	

ECAL	

ν	
	  Off-‐axis	  detector	  (ND280)	  
-‐  measures	  ν	  flux/spectrum	  before	  
oscilla-ons	  @2.5o	  off-‐axis	  angle	  

-‐  0.2T	  dipole	  magnet	  
-‐  Fine	  Grained	  Detectors	  (FGDs)	  x2	  

1.6ton	  fiducial	  mass	  target	  +	  tracking	  
-‐  Time	  Projec-on	  Chambers	  (TPCs)	  x3	  

PID	  by	  dE/dx	  in	  gas,	  resolu-on	  <10%	  
-‐  PØD	  (π0	  detector)	  
ECAL	  (Electromagne-c	  calorimeters)	  
SMRD	  (Side	  Muon	  Range	  Detector)	  27	



Predicted	  Number	  of	  Events	  at	  Each	  Cut	
νµCC	 νeCC	 NC	 BG	  all	 Sig.	  νe	

True	  FV	 308	 15.0	 272	 594	 25.6	

(2)	 FCFV	 234	 14.4	 76.5	 325	 24.8	

(3)	 1	  ring	 135	 9.2	 21.6	 166	 21.5	

(4)	 e-‐like	 5.3	 9.1	 14.9	 29.3	 21.2	

(5)	 Evis	  >100MeV	 3.5	 9.1	 12.7	 25.2	 20.9	

(6)	 No	  decay-‐e	 0.7	 7.4	 10.6	 18.7	 18.6	

(7)	 Eνrec	  <1.25GeV	 0.2	 3.5	 8.0	 11.8	 17.9	

(8)	 fiTQun	  π0	  cut	 0.06	 3.1	 0.9	 4.0	 16.4	
Efficiency	 <0.1%	 20%	 0.3%	 0.7%	 64%	

(8)’	 POLfit	  π0	  cut	 0.12	 3.2	 2.3	 5.6	 16.8	
Efficiency	 <0.1%	 21%	 0.8%	 0.9%	 66%	

w/	  sin22θ13=0.1	  
	  

6.393×1020	  POT	

unit	  =	  events	

NC	  BG	  reduced	  to	  ~40%	  compared	  to	  previous	  νe	  selec-on	  	

New	  Cut	

Old	  Cut	

with	  keeping	  signal	  efficiency	  high	 28	



νµ	  disappearance	  	  (νµ àνx	  oscilla-on)	  in	  T2K	

lllN

llN

pEm
mEmE

θν cos
2/2

⋅+−

−⋅
=

νµ	

µ	

p	
n	

θ	

CCQE	  sca�ering	

Inves-gate	  skew	  of	  energy	  spectrum	  of	  νµ with	  CCQE	  νµ	  enriched	  
sample	

•  T2K	  beam	  -ming	  &	  FCFV	  	  
•  1	  Cherenkov	  ring	  
•  muon-‐like	  
•  one	  or	  0	  delayed	  electron	  signals	  .	  	  
•  Muon	  equivalent	  momentum	  >	  200MeV/c	  

Selec-on	  Criteria:	

Co
un

ts
	  /	  
５
０
M
eV

	  (a
.u
.)	

Reconstructed	  Neutrino	  Energy	  [GeV]	

νµàντ　2-‐flavor	  oscilla-on	

CCQE	  ~	  50%,	  	  
CC1π	  (ν+Nàµ+Δàµ+N’+π)	  	  ~	  30%,	  	  
NC	  ~	  6%	  (mainly	  π+-‐	  and	  proton)	

(a�er	  ν	  osc.)	
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Experimental	  Setup:	  
1.	  J-‐PARC	  Accelerator	  and	  Experimental	  Facility	  

•  30GeV	  Proton	  synchrotron	  
•  6	  bunch	  (before	  Autumn	  2010)	  	  
•  8	  bunch	  (2010	  Autumn	  -‐)	  

Fast	  Extrac-on	  	  
à	  pulsed	  neutrino	  beam	

•  581ns	  	  interval	  
•  ~	  0.3	  Hz	  repe--on	  rate	  
•  Construc-on	  finished	  2008	  JFY	  

Experimental,Setup:,
J1PARC,Accelerator,and,Experimental,Facility,

Feb.14,2013� ��

•  30GeV,Proton,synchrotron,
•  6,bunch,(before,Autumn,2010),,
•  8,bunch,(2010,Autumn,1),

Fast,ExtracKon,!,neutrino,pulse,beam�

•  581ns,,interval,
•  ~,0.3,Hz,repeKKon,rate,
•  ConstrucKon,finished,2008,JFY,

Pr
ot
on

s	  o
n	  
Ta
rg
et
	

pr
ot
on

s	  p
er
	  p
ul
se
	

•  Accelerator	  facility,	  beam	  
monitors,	  neutrino	  
detectors	  are	  stably	  running	  

•  Today’s	  reults	  based	  on	  
before	  last	  summer	  
(3.01x1020	  P.O.T.)	
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Bird’s	  eye	  photo	  in	  July.	  2009	  

2.	  Neutrino	  Beam	  line	  

 ν Near Detectors"

µ-monitor"

Extraction point"

Graphite target (21mmφ, 90mm)"
3 magnetic horns (250kA currently)"

Decay Volume"
(110m length)"

on-‐axis	 off-‐axis	

280m	
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Other	  studies	  in	  T2K	
	  

•  Cross	  sec-on	  measurements	  
–  Preliminary	  results	  from	  the	  
flux	  averaged	  νµCC	  inclusive	  
cross	  sec-on	  measurement	  

•  Nuclear	  g-‐rays	  from	  de-‐excita-on	  of	  residual	  nuclei	  
(15O,	  16N,..)	  induced	  by	  Neutral	  Current	  sca�ering	  of	  ν.	


•  Sterile	  neutrino	  search	  at	  T2K	  using	  NC	  nuclear	  de-‐
excita-on	  γ-‐rays	  
–  Preliminary	  results	  w/	  Run1+2	  data	  

and	  more	  …	

ex.)	  ν+16O	  à	  ν+p+15O*	  à	  γ(6MeV) +	  residuals.	

32	
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PMT	  signal	  -me	  (ns)	  

Data	

MC	  

Calibra-on	  of	  the	  detector	
Real	  data	

MC	  	  
simula-on	

Detailed	  Calibra-on	  works	  has	  been	  done	  
intensively	  with	  in-‐situ	  &	  ex-‐situ	  sources:	  
(pulse	  laser,	  CRµ,	  electron	  LINAC,	  ..)	  
•  Timing	  response	  of	  PMTs	  
•  Gain	  of	  PMTs	  	  
•  Water	  transparency	  measurement	  
•  Detector	  Uniformity	  	  …	  

Full	  Monte	  Carlo	  (MC)	  simula-on	  has	  
been	  developed	  based	  on	  
measurements	  of	  fundamental	  
parameters	  &	  available	  models.	

Well	  test	  the	  event	  	  reconstruc-on	  
performance	  
•  Vertex,	  direc-on	  
•  Par-cle	  iden-fica-on	  
•  Energy	  reconstruc-on,	  …	  
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Stability	
Key	  issue	  is	  a	  water	  quality.	

Convec'on(suppression(in(SK�
•  Very(precisely(temperature6controlled(
(±0.01oC)(water(is(supplied(to(the(boAom.(

��

3.5MeV64.5MeV(
Event(distribu'on�Return(to(

Water(system(

Purified(
Water(supply(

r2�

Temperature(grada'on(in(Z�

The(difference(is(only(0.2(oC(�

SK-‐IV	SK-‐III	

Momentum�

��

•  RMS/Mean:-
0.36%�

•  RMS/Mean:-
0.39%�

±1%�

±1%�

Cosmic-ray-µ�

Decay;electron�
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)�

T2K'plenary�

• Keep	  water	  quality	  by	  con-nuous	  purifica-on	  of	  
the	  water.	  

• Carefully	  control	  the	  flow	  inside	  Super-‐K	  
• Water	  transparency	  is	  con-nuously	  monitored	  and	  
taken	  into	  account	  in	  event	  reconstruc-on.	  

• 1%	  level	  stability	  of	  energy	  es-ma-on.	
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ND280	  νeCC	  and	  NC	  π0	  checks	  	

•  Dominant	  BG	  for	  νe	  appearance	  
search	  are	  measured	  at	  ND280	  

–  Intrinsic	  beam	  νeCC	  
– NC	  π0	  

•  Data	  consistent	  with	  MC	  predic-on	

 (GeV)iReconstructed E
1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

# 
of

 E
ve

nt
s

0

5
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20
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45 Signal0/ w/ µ 0/ no µ
0/, µno 0/ no µno 

Out of P0D
Data

High	  energy	  νe	  events	  (PØD)	

Enhanced	  νe	  events	  (Tracker)	

NC	  π0	  events	  (PØD)	

(Data-‐MCbg)/MCsig	  
=	  0.91	  ±	  0.26	

signal	  +	  bg	  
bg	

Data/MC	  
=	  0.81	  ±	  0.21	

f(νe)DATA/MC	  =	  0.85	  ±	  0.18	
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Flux	  predic-on	
Full	  simula-on	  based	  on	  measurements:	  
•  T2K	  proton	  beam	  profile	  measured	  by	  beam	  

monitors	  	  
•  π,	  K	  produc-on	  cross	  sec-on	  tuned	  mainly	  

by	  NA61/SHINE(@CERN)	  measurements:	  
hadron	  (π/K)	  produc-on	  with	  30GeV	  protons	  
and	  a	  graphite	  target	  

NA61	  π+	  data	  	

~10%	  stat.,	  ~7%	  sys.	

Phys.Rev.C	  84,	  
034604	  (2011)	

Neutrino	  interac-ons	

ν	  energy	  (GeV)	
σ
/E
	  (1

0-‐
38
cm

2 /
Ge

V)
	

•  NEUT	  model	  is	  used	  as	  a	  baseline.	  
•  Uncertain-es	  are	  set	  from	  fits	  to	  MiniBooNE	  data	  

–  Similar	  ν	  energy,	  mul-ple	  differen-al	  cross-‐sec-on	  
–  K2K,	  SciBooNE	  data	  sets	  used	  as	  cross	  check	  

•  Pion	  interac-ons	  in	  nuclei	  
–  Semi-‐classical	  cascade	  model	  
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Dominant	  error	  coming	  from	  the	  ring-‐coun-ng,	  PID,	  π0	  rejec-on	  cuts	  

Error	  for	  νeCC	  components	  :	  

– Number	  of	  events	  in	  each	  (pe	  ,	  θe)	  in	  the	  
atmospheric	  ν	  control	  sample	  is	  fit	  to	  
evaluate	  the	  sys.	  errors	  on	  efficiencies	  

Error	  for	  π0	  BG	  components	  :	  

– π0	  topological	  control	  sample	  
combining	  one	  data	  electron	  
and	  one	  simulated	  γ	  (hybrid	  π0)	  
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SK	  systema-c	  error	  on	  predicted	  #	  of	  ne	  candidates	  
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•  A	  solid	  confirma-on	  of	  θ13≠0	  	  	  had	  been	  given	  by	  reactor	  neutrino	  
experiments.	  

•  Establishment	  of	  ne	  appearance	  is	  very	  important	  for	  CP	  viola-on	  &	  mass	  
hierarchy	  problem	  
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Non-‐zero	  θ13	  search	
•  In	  2011	  June,	  T2K	  reported	  the	  first	  indica-on	  of	  θ13≠0	  	  (2.5σ)	  using	  the	  data	  

before	  the	  earthquake.	   PRL	  107,	  041801	  (2011)	
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